INTRODUCTION
The stem of the cactus Opuntia (genus Opuntia, subfamily Opuntioideae, family Cactaceae), commonly referred to as the nopal cactus or prickly pear, is widely consumed as a vegetable in Mexico and in the Mediterranean countries (Stintzing and Carle, 2005; CruzHernández and Paredes-López, 2010) as well as in Japan, where it is produced mainly in the Kasugai City, Aichi Prefecture. These plants are also used in some countries as a remedy for a variety of health problems including edema and indigestion (El-Mostafa et al., 2014) .
Opuntia plants are commonly produced through soil or pot culture; however, the cultivation of vegetables using soil exposes them to soil-borne diseases and salt accumulation and also poses the difficulties of fertilizer management (Lakkireddy et al., 2012) . In a hydroponic culture, plants are grown using a nutrient solution (water and fertilizer), with or without the use of an artificial medium. The absence of soil results in an absence of weeds or soil-borne diseases, while precise fertilizer management is readily achieved (Lakkireddy et al., 2012) . Thus, there are many advantages associated with the hydroponic culture of edible Opuntia, although this method is not yet commercially practiced. With respect to the growth behavior of Opuntia, flat paddle-shaped daughter cladodes develop from the areole of the mother cladode, and this process is repeated (Pimienta-Barrios et al., 2005) . We have previously shown that edible Opuntia can be grown by hydroponic culture using the commercially available bubble wrap and a cultivation panel (Horibe and Yamada, 2016a; Horibe et al., 2016b) . However, it was difficult to attach cladodes using these items due to their characteristic stem shape, and cladodes occasionally fell into the culture solution as the fixative loosened. For the hydroponic culture of most vegetables, seeds are spread on the commercially available cultivation panel; however, in the case of edible Opuntia, vegetative propagation using the stem is commonly used for its production because this method is much faster and easier compared with seed propagation. Thus, an appropriate method for the hydroponic culture of edible Opuntia should be developed.
In the present study, we designed a new method for the hydroponic culture of edible Opuntia using a deep flow technique (DFT), and investigated the effectiveness of this method by comparing the cladode growth using this method and with pot culture using a growth chamber and a greenhouse. In this novel method, we used cheap materials while we did not use aeration, which requires a power source, thereby facilitating the cost-effective cultivation of Opuntia anywhere.
MATERIALS AND METHODS

Plant materials
Edible Opuntia cladodes (Opuntia "Maya") averaging 16 cm in length, 7.5 cm in width, and 1 cm in thickness were harvested at a commercial cactus farm (Goto saboten) in Aichi Prefecture, Japan, during the month of August, 2015. Cladodes were transported under dry conditions to our laboratory within 1 h, following which they were There are many advantages associated with the hydroponic culture of edible Opuntia, including the precise fertilizer management and elimination of soil-borne diseases and weeds. We designed a new cost-effective and simple method for the hydroponic culture of edible Opuntia, and assessed its effectiveness by comparing the growth of cladodes by this method and by pot culture using a growth chamber and a greenhouse. The average length of the first daughter cladodes grown in the hydroponics culture was greater than that in the pot culture in both the growth chamber and the greenhouse. The total fresh weight (FW) of cladodes harvested from one mother in the hydroponics culture with fertilizer was greater than that in the pot culture and became significantly larger in the greenhouse as compared with that in the growth chamber in all the treatments. The speed of cladode growth and FW of harvested cladodes were least in cladodes grown in the hydroponics culture without any fertilizer. These results showed that growth conditions, including fertilizer concentration, temperature, and light environment greatly affect cladode growth. Our results suggest that the new proposed hydroponic culture method is effective for the cultivation of edible Opuntia.
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Environ. Control Biol., 55 (4), 171 174, 2017 174, DOI: 10.2525 Corresponding author : Takanori Horibe, fax: 81 92 642 2913, e-mail : t-horibe@isc.chubu.ac.jp trimmed to a length of 15 cm. Treatments In the hydroponic culture treatments using the DFT, cladodes were attached to a plastic vessel with a volume of 4.5 L using an L-shaped plastic bar (L type angle) and clips (Fig. 1) . The containers were filled with OAT House solution A (fertilizer) with an electrical conductivity of 2 mS/cm or deionized water. OAT House solution A (OAT Agrio Co., Ltd., Japan) was prepared by dissolving 150 g of Otsuka House 1 and 100 g of Otsuka House 2 in 100 L of water, which was used as the hydroponic nutrient solution. Black plastic bags were used to block light and to prevent algal growth (Fig. 2) . We added OAT House solution A and deionized water to the container once a week to replace the evaporated water. In the pot culture treatments, cladodes were planted in plastic pots (5.1 L) filled with Akadama soil (loamy soil) containing 20 g of chemical fertilizer (N:P:K 8:8:8, Applied Natural Product Co., Ltd., Japan). Minimal information relating to the fertilizer concentration required for the pot culture of edible Opuntia was available; thus, we followed the method of farmers in Kasugai City. Experiments were initiated on 2 August, 2015, for a duration of 14 weeks, and were conducted in a large growth chamber and greenhouse. Cladodes grown in the growth chamber were maintained at 25°C for a 14 h light period (160 180 mol m 2 s 1 ) and at 15°C for a 10 h dark period. Aeration was not used in any of the experiments. Relative humidity was not controlled in both the growth chamber and greenhouse. The greenhouse located at Chubu University was used in the present experiment. The experiment was conducted from 2 August, 2015 to 8 November, 2015. The average temperatures were 28.3°C (average min. and max.; 34.4°C, 23.8°C), 23.1°C (28.4°C, 18 .9°C), and 18.4°C (24.4°C, 13.3°C) in August, September, and October, respectively, whereas during the period of 1 November to 8 November, the average temperature was 15.2°C (20.4°C, 10.6°C) according to the weather information of Kasugai City Hall (http://www.city.kasugai. lg.jp/syobo/kisho/). We installed a temperature and humidity data logger to record the environmental changes in the greenhouse. However, the logger malfunctioned during the experiment and no data could be retrieved. The number of daughter cladodes and length of the first daughter cladodes were measured weekly. Daughter cladodes were harvested at 14 weeks following the start of the treatments.
Experimental design and statistical analysis Three cladodes per treatment were planted in the pot culture and hydroponic culture (fertilizer and water). All experiments were repeated three times. The data were analyzed using analysis of variance (ANOVA) and the significance of the differences across means were defined using the Tukey's test at a significance level of P 0.05.
RESULTS AND DISCUSSION
Cultivation using hydroponics can avoid the costly and time-consuming task of soil sterilization to prevent soil-borne diseases and to enable precise fertilizer management (Lakkireddy et al., 2012) . Although the hydroponic culture of edible Opuntia is not generally practiced for its commercial production, we believe that this method would provide many advantages. Therefore, the development of an appropriate method for the hydroponic culturing of Opuntia is necessary as the current commercial hydroponic cultivation of Opuntia using the available cultivation panel is hindered by the characteristic stem shape. In the present study, we proposed a simple and cost-effective hydroponic system which does not require a power source, thereby facilitating the easy use of this method.
In all treatments, the first daughter cladodes developed from the mother cladodes during the first 3 weeks and continued to elongate (Figs. 3, 4) . We used an L-shaped plastic bar (L type angle) and clips to attach cladodes to the container during the hydroponic culture, which stabilized the cladodes and prevented any from falling into the container (Figs. 1, 2) . The addition of weights on the ends of the L-shaped plastic bar may be helpful to maintain cladode stability when the cladode height and size increase. In the growth chamber, the lengths of the first daughter cladodes in all the treatments increased until approximately 8 weeks after the treatment started and showed very little change after 11 weeks of treatment (Fig. 3A) . The growth of cladodes raised in the greenhouse also increased rapidly until 6 weeks after the start of the treatment and showed very little change after 11 weeks. The number of daughter cladodes under DFT (water) became significantly smaller than that of the other treatments in the growth chamber (Fig. 4A) and DFT (fertilizer) in the greenhouse (Fig. 4B) . No significant differences in Opuntia growth were observed between DFT (fertilizer) and pot culture. Temperatures in the greenhouse during the month of Environ. Control Biol. Means followed by the same letter within each week are not significantly different according to the least significant difference (P 0.05).
Fig. 4
Number of daughter cladodes in each treatment. Plants were grown in a growth chamber (A) and greenhouse (B). Means followed by the same letter within each week are not significantly different according to the least significant difference (P 0.05).
Fig. 5
Total fresh weight (FW) of daughter cladodes harvested from one mother cladode in each treatment. Plants were grown in a growth chamber (A) and greenhouse (B). Means followed by the same letter are not significantly different according to the least significant difference (P 0.05).
August sometimes exceeded around 55°C, and the water temperature of the hydroponic culture reached 42°C. However, no damage or necrosis was observed on the roots of Opuntia grown by hydroponic culture, even without aeration (data not shown), demonstrating the surprising tolerance of Opuntia roots towards heat and a low oxygen environment. The total fresh weights (FWs) of cladodes harvested from a mother cladode was highest in the DFT with fertilizer, whereas that of DFT without any fertilizer (water) was lowest in both the growth chamber and greenhouse (Fig. 5) . The FWs of the pot culture treatment were intermediate between those of the growth chamber and greenhouse (Fig. 5) . In the hydroponics treatment, the growth of cladodes increased considerably when fertilizer was added to the solution (Figs. 3, 4 and 5) , showing that the fertilizer concentration strongly affects cladode growth. The growth of cladodes might also improve in pot culture if the fertilizer amount is increased. It has been shown that edible Opuntia (Opuntia ficus-indica) extracts large amounts of nutrients from the soil (Felker and Inglese, 2003) and that there are correlations between yield and the N, P fertilizer concentration (Nobel et al., 1987) . Prior to the current study, there was no report investigating the relationship between yield and fertilizer concentration in a hydroponic system using DFT; therefore, this is an important strategy for improving the quality and yield of edible Opuntia in the future. The total FWs of cladodes harvested from a mother cladode was higher in the greenhouse as compared with that in the growth chamber in all the treatments. Environmental conditions, including photoperiod, temperature, and light intensity are reported to affect the elongation of plant stems (Shibutani and Kinoshita, 1968; Hidaka et al., 2014) . Therefore, different environmental conditions including temperature and light intensity appeared to have affected the development and elongation of daughter cladodes, resulting in a higher yield in the greenhouse. Further research is required to understand the relationship between cladode growth and environmental factors, and to propose the optimum conditions for the production of edible Opuntia by hydroponic culture. By using the hydroponic system developed using lowcost materials, edible Opuntia cultivation can be easily adopted everywhere including in a greenhouse, in buildings, as well as in areas experiencing soil stress. The hydroponic system proposed in the present study will facilitate easier unfastening of cladodes from plastic bars and containers as compared with that using the commercially available cultivation panel, which can be a helpful feature within a hydroponic operation for the cleaning and planting of cladodes, and for the monitoring of cladode conditions. A reduction of labor required for harvesting and management work can be achieved by positioning the hydroponic system on a high bench. In addition, this system may be an ideal method for use by horticultural hobbyists based in cities who commonly practice soil pot culture. Apart from commercial application, the proposed system can also be used in research of the different Opuntia growth variables and their interrelations. This includes a non-destructive method of studying the root system of Opuntia and any standing crop that is normally hidden below the ground.
In the present study, we showed that edible Opuntia can be grown effectively using a hydroponic cultivation method which is more cost-effective and simple as compared with the commercially practiced pot culture, and that environmental factors, particularly fertilizer concentration, strongly affect cladode growth. We believe that our new hydroponic cultivation method and idea of clamping cladodes for attachment to vessels, with continual improvement, can lead to the development of a hydroponic system suitable for the mass production of edible Opuntia in a greenhouse and plant factory.
